A two-nucleon potential and consistent electromagnetic currents are derived in chiral effective field theory (χEFT) at, respectively, Q 2 (or N 2 LO) and e Q (or N 3 LO), where Q generically denotes the low-momentum scale and e is the electric charge. Dimensional regularization is used to renormalize the pion-loop corrections. A simple expression is derived for the magnetic dipole (M 1) operator associated with pion loops, consisting of two terms, one of which is determined, uniquely, by the isospin-dependent part of the two-pion-exchange potential. This decomposition is also carried out for the M 1 operator arising from contact currents, in which the unique term is determined by the contact potential. Finally, the low-energy constants (LEC's) entering the N 2 LO potential are fixed by fits to the np S-and P-wave phase shifts up to 100 MeV lab energies.
properties and reactions in A=2-4 nuclei. The thermal neutron n-d and n-3 He and keV p-d captures are especially interesting, since the M1 transitions connecting the continuum states to the hydrogen-and helium-isotope bound states are inhibited at the one-body (LO) level. As a result, the cross sections for these processes are significantly enhanced by many-body components in the electromagnetic current operator [22, 23] . Work along these lines is in progress. However, it remains to be seen whether the N 3 LO operators derived in this study will reduce the sensitivity to short-range physics found in the N 2 LO hybrid calculations (for the n-d case) referred to earlier, and bring theory into satisfactory agreement with experiment.
II. NN POTENTIAL AT N 2 LO
This section deals with the construction of the NN potential in χEFT up to order Q 2 , or N 2 LO. It is derived by retaining only pions and nucleons as degrees of freedom-the inclusion of explicit ∆-isobar degrees of freedom is deferred to a later work [21] . The formalism as well as the techniques we adopt have already been described in Ref. [7] , and we will not reformulate them here.
In Fig. 1 we show the diagrams illustrating the contributions occurring up to N 2 LO. At LO (Q 0 ) there is a contact interaction, panel a), along with the one-pion-exchange (OPE) contribution, panel b). At N 2 LO we distinguish among three different categories, which are: i) contact interactions involving two gradients acting on the nucleons' fields, panel c); ii) two-pion-exchange loop contributions, panels d)-f); and iii) loop corrections to the LO contact interaction, panels g) and i), and to the OPE contribution, panel h). Note that in the figure we display only one among the possible time orderings. The time ordered diagrams of panels a)-e) are irreducible, while those of panels f)-g) have both reducible and irreducible character. In order to avoid double counting of the reducible contributions due to insertion of the LO potential into the Lippmann-Schwinger equation, the NN potential is defined as the sum of the irreducible diagrams only.
The evaluation of the NN potential is carried out in the static limit. Corrections to this approximation arise from kinetic energies of nucleons, and are referred to as recoil corrections. The latter are not accounted for in the Lippmann-Schwinger equation in which only the static potential is iterated. Hence they have been included below along with the irreducible contributions. The resulting potential is in agreement with that obtained by Epelbaum et al. in Ref. [10] . Special treatment is reserved for the diagrams of panels h) and i), which are discussed later in this section.
A. Formal expressions
In what follows we use the notation introduced in Ref. [7] . In particular, the potential is obtained in the center-of-mass frame where the nucleons' initial and final relative momenta are p and p ′ , respectively. We also define k = p ′ − p, K = (p ′ + p)/2, ω k = k 2 + m 2 π , and p ≡ dp (2π) 3 .
(2.1)
In the remainder of this section we will refer to the panels in Fig. 1 . The diagram illustrated by panel a) gives rise to the LO order contact potential v CT0 , which is expressed in terms of two LEC's C S and C T as
while that of panel b) leads to the standard OPE potential,
Next we consider the contributions arising from panel c). There is a number of contact Hamiltonians involving two gradients acting on the nucleons' fields compatible with the required symmetries of the underlying theory. In fact, the list of fourteen given in Ref. [10] and reported in Appendix D of Ref. [7] is redundant, since relations exist among the terms proportional to C We will not enforce these in the following, since, in any case, the contact Hamiltonians (all twelve of them) lead (in the center-of-mass frame) to seven independent operator structures in the potential, each multiplied by a coefficient which is a linear combination of LEC's. Specifically,
where the C i 's (i = 1, . . . , 7) are linear combinations of the C ′ i 's (i = 1, . . . , 14), given by The two-pion-exchange loop diagrams of panels d)-f) generate the following contribution:
where ω ± = (p ± k) 2 + 4 m 2 π . Note that recoil corrections to the reducible box diagrams have been included in the expressions above (for a detailed discussion of this aspect of the present study, see Section VI of Ref. [7] ). These recoil terms need also be accounted for when dealing with loop corrections to the LO contact and OPE interactions. The resulting contributions, panels g) and h), are then found to be
The potential constructed so far is in agreement with that obtained by Epelbaum et al. in Ref. [10] by the method of unitary transformations, but for an overall factor of +8/3 rather than -1/3 in Eq. (2.8).
Lastly, we consider the diagram illustrated in panel i), which has both reducible and irreducible parts. The former describe interactions involving "dressed nucleons". We do not take into account recoil corrections arising from the pion emitted and reabsorbed by the same nucleon. Hence, for diagram i) we retain the irreducible part only, and obtain
Again, this approach leads to a result which differs from that reported in Ref. [10] for this diagram, specifically the term proportional to C S in Eq. (2.9) is absent, while that proportional to C T is multiplied by −4 (g
. However, as it will become clear in the next section, these differences-for diagrams h) and i)-do not affect the definition of the renormalized potential, since they only lead to differences in the renormalization of the LEC's C S , C T , and g A .
B. Renormalization
The potential defined in the previous section contains ultraviolet divergencies which need to be removed by a proper renormalization procedure. In order to isolate these divergencies, the kernels of the N 2 LO contributions have been evaluated using dimensional regularization, and the relevant integration formulae are listed in Appendix B. Here we sketch the regularization procedure of the various contributions, and give the final expression for the renormalized NN potential.
As an example, we discuss, in some detail, the regularization of the two-pion-exchange contribution of Eq. (2.6). In terms of the kernels L(k), I
(2n) (k) and J (2n) (k) defined in Appendix B, it reads as
By inserting the explicit expressions of these kernels in the previous equation, we obtain
where the renormalized (finite) part of the two-pion-exchange potential, denoted by v 2π (k), is given by 13) where the loop function G(k) defined here differs by a factor two from that given in Ref. [10] . The divergencies are lumped into the polynomials P 2 (k) (of order two) and constant P 0 :
14)
where the parameter ǫ → 0 + , γ is the Euler-Mascheroni constant, and µ is the renormalization scale brought in by the dimensional regularization procedure. The isospin structure τ 1 · τ 2 multiplying the polynomial P 2 (k) can be reduced by Fierz rearrangement so as to match structures occurring in the LO v CT0 and N 2 LO v CT2 (k) contact contributions. Indeed, because of the antisymmetry of two-nucleon states,
16)
It is then seen that the terms in P 0 and P 2 (k) renormalize C S , C T , C 1 , C 2 , C 4 and C 6 . For example, the last term of Eq. (2.11) is absorbed by the redefinition, 18) where the factor µ −ǫ is needed because the mass dimension of the LEC C 6 is d − 7 in d space dimensions. Note that the renormalized C 6 remains µ-independent, as becomes obvious by taking the logarithmic derivative with respect to µ and neglecting O(ǫ) terms. For ease of notation, we will omit the overline and tacitly imply that the LECs have been properly renormalized.
The contributions in Eqs. (2.7), (2.9), and (2.8) lead to further renormalization of the LEC's C S and C T , as well as the axial coupling constant g A entering the LO OPE: 20) where the constants M (n) are listed in Appendix B. The complete NN potential up to N 2 LO included is then given as 
III. ELECTROMAGNETIC CURRENTS
In this section we construct the electromagnetic current operator for a two-nucleon system in χEFT. In the power-counting scheme of Ref. [7] , the LO term results from the coupling of the external photon field to the individual nucleons, and is counted as e Q −2 , where a factor e Q is from the γNN vertex, and a factor Q −3 follows from the momentum δ-function implicit in this type of disconnected diagrams, see panel a) of Fig. 2 . Higher order terms are suppressed by additional powers of Q, and formal expressions up to N 3 LO, i.e. e Q, have been derived in Ref. [7] . In this section, we proceed to regularize the loop integrals entering these N 3 LO currents, and to derive the corresponding finite parts. At this order, we distinguish among four classes of contributions: i) currents generated by minimal substitution in the four-nucleon contact interactions involving two gradients of the nucleons' fields, as well as by non-minimal couplings (these were not considered in Ref. [7] ); ii) two-pion exchange currents at one loop; iii) one-loop corrections to tree-level currents; and iv) (Q/M) 2 relativistic corrections to the NLO currents resulting from the non-relativistic reduction of the vertices. The latter are neglected in the present work.
For completeness, we report below the expressions up to N 2 LO derived in Ref. [7] , and shown in Fig. 2 . As emphasized earlier, in the present study we do not explicitly include ∆-isobar degrees of freedom. In the following, the momenta are defined as 
where q is the photon momentum, q = k i , and
κ S and κ V being the isoscalar and isovector combinations of the anomalous magnetic moments of the proton and neutron (κ S = −0.12 µ N and κ V = 3.706 µ N ). Loop corrections to the one-body current above, occurring at NLO and N 2 LO, are absorbed into κ S and κ V . The NLO seagull and pion-in-flight contributions, represented in panels b) and c), are:
where the momenta transferred to nucleons 1 and 2 add up to q, k 1 + k 2 = q. Lastly, the N 2 LO (relativistic) correction to the LO current, represented in panel d), reads:
In addition to the classes mentioned earlier, there are N 3 LO contributions [24] involving the standard πNN vertex on one nucleon, and γπNN vertices of order e Q 2 on the other nucleon, derived from the following interaction Hamiltonian [25] 
where the notation and conventions of Ref. [7] have been adopted for the nucleon (N), pion (π a ), and photon (A) fields, and d 
and in principle the unknown LEC's d
, and d ′ 21 could be determined by pion photoproduction data on a single nucleon or nuclear data (as discussed in Sec. I). The isovector part of j N 3 LO tree has the same structure as the current involving N-∆ excitation [7] , to which it reduces if the following identifications are made:
, where h A is the πN∆ coupling constant, µ * is the N∆-transition magnetic moment, and ∆ is the ∆-N mass difference, ∆ = m ∆ − m N .
Configuration-space representations of the current operators follow from
where j (1) or j (2) denote any one-body or two-body operators, respectively, and
e. the configuration-space representation of the momentum operator, and in the second line of Eq. (3.10) R and r are the center-of-mass and relative positions of the two nucleons.
A. N 3 LO currents: terms from four-nucleon contact interactions
The N 3 LO currents obtained by minimal substitution in the contact interactions involving two gradients of the nucleons' fields have been constructed in Ref. [7] , and are reported below for reference:
In addition to these, there are contributions due to non-minimal couplings, as derived in Appendix A, Loop corrections entering at N 3 LO have been derived in Ref. [7] , and their formal expressions, corrected from a number of typographical errors, are listed, for reference, in Appendix C of the present paper. In Ref. [7] , it was also shown that the one-loop currents satisfy the continuity equation with the two-pion-exchange potential of Sec. II A. Here we discuss their renormalization. We start off by considering the currents (involving one and two pions) illustrated in panels a), d), f), g), h), and i) of Fig. 3 . Those in panels b), c), and e) (involving three pions) are discussed in Sec. IV and Appendix D, since for them we only derive the magnetic dipole operators. In terms of the kernels defined in Appendix B, we obtain:
14) 16) and the currents in panels f) and h) vanish in the static limit [7] . Insertion of the finite parts of the various kernels in the expressions above then gives 20) and the loop function G is defined in Eq. (2.13). The divergent parts of the kernels lead to renormalization of some of the LEC's C ′ i . They are given by 27) where the dots denote finite contributions depending on the renormalization point. When combined together, all these divergencies can be absorbed by the renormalization of the C ′ i , which is not the case for the individual contributions. For instance, taking into account the antisymmetry properties of nucleons, 28) leading to renormalization of C ′ 16 , and
C. N 3 LO currents: one-loop corrections to tree-level currents
Contributions in this class are illustrated by the diagrams in Figs. 4 and 5. After including all possible time orderings, we find for those in Fig. 4 : type a) = j
type e) = j
, (3.34)
, (3.37)
while for those in Fig. 5 :
, (3.38)
, (3.40) 
ij (q) are given in Appendix B. The contributions associated with diagrams of type h), i), s), and t) vanish, since the integrand is an odd function of the loop momentum p. Lastly, diagrams of type g) are of order e Q 2 [7] , and therefore beyond the order under consideration in the present study (e Q), and only a subset of the irreducible diagrams is retained in the evaluation of the type j) contribution, see Appendix E.
A few comments are now in order. Firstly, the evaluation of the diagrams in the last row of Figs. 4 and 5 is carried out by including recoil corrections to the reducible diagrams of corresponding topology. Cancellations occur between the irreducible and these recoilcorrected reducible contributions. This is discussed in Appendix E.
Secondly, diagrams like those shown in Fig. 6 have not been considered since they are, like diagram g) in Fig. 4 , of order e Q 2 , as can be easily surmised by using the counting rules given in Ref. [7] .
Thirdly, the contributions of type a), c), e), k)-l), m)-n), and u)-v) lead to (further) renormalization of g A , while those of type b) and o)-p) renormalize the pion mass, namely m
. Thus, both types are accounted for in the (renormalized) seagull and pion-in-flight currents. Diagrams j) and r) generate form-factor corrections-their finite parts follow from the I (2) ij and J (2) ij kernels-to the nucleon and pion electromagnetic couplings. However, the contributions of diagrams d) and f) exactly cancel out.
IV. MAGNETIC MOMENTS FROM PION EXCHANGES AT N 3 LO
To begin with, it is worthwhile making some general considerations. The magnetic moment operator µ due to a two-body current density J(x) can be separated into a term dependent on the center-of-mass position R of the two particles and one independent of it [19] , as
where, because of translational invariance, J(x) is actually a function of J(x − R, r), r being the relative position of the two particles, see Eq. (3.10). The first term in square brackets can be related via the continuity equation to the commutator of the charge density operator with the two-nucleon potential [19] , assumed to be of the form τ 1 · τ 2 V (r) but otherwise velocity independent (for example, the one-and two-pion-exchange potentials derived in Sec. II), while the second term can be written in terms of the Fourier transform of J(x), denoted by j(q). We find:
which, for our purposes, is more conveniently written in momentum space as
where v(k) denotes the Fourier transform of V (r). The first term above is Sachs' contribution [20] , denoted as µ Sachs , to the magnetic moment: it is uniquely determined by the potential between the two nucleons. Therefore, the currents a)-e) in Fig. 3 generate a Sachs' magnetic moment-currents g) and i) do not contribute to it-given by
where v 2π 0 (k) is the term proportional to τ 1 · τ 2 in Eq. (2.12), i.e.
The relation (4.4) can easily be verified by direct evaluation of (R/2) × j a−e (q = 0, k).
The currents a)-e) and i) also generate a translationally invariant contribution, namely the second term in Eq. (4.3), which reads (see Appendix D for details)
6) where the functions F i (k) are
It is interesting to note that the constant 2 − 6 g 2 A in F 2 (k) would lead to a long-range contribution of the type [τ 2,z (σ 1 · ∇)∇ + 1 ⇀ ↽ 2] 1/r in the magnetic moment, which is, however, fictitious in the present context of an effective field theory valid at low momentain performing the Fourier transform, the high momentum components are suppressed by the cutoff C Λ (k).
We now compare the magnetic moment operator derived here with that obtained in Ref. [5] . Firstly, we note that the Sachs term is ignored in that work. Of course, it vanishes in two-body systems because of its dependence on R. However, in A > 2 systems the centerof-mass position of a nucleon pair will not generally coincide with that of the nucleus, and therefore this term will contribute.
Secondly, the treatment of the box diagrams, panels d) and e) in Fig. 3 , is different in our approach, since the expressions listed in Eqs. (D2) and (D7) result from combining recoilcorrected reducible and irreducible diagrams. In particular, had we retained only the latter, the isospin structure of µ
(k) would have contained, in addition to terms proportional to τ i,z , also the term proportional to (τ 1 × τ 2 ) z present in Eq. (46) of Ref. [5] .
Lastly, we find that type a) and b) contributions in Fig. 3 , which only consist of irreducible diagrams, are in agreement with the corresponding terms in Eq. (46) of Ref. [5] . This is easily seen by considering the Fourier transform of that equation. To this end, we first observe that 9) and then note that
where G ′ (k) denotes the derivative of G(k). Inserting these relations into Eq. (46) leads to a similar Eq. (4.6), but with C S and C T taken to be zero, and
The F 2 (k) above is the same as Eq. (4.8) (with g A set to zero to remove the box contributions), while F 0 (k) differs from Eq. (4.7) by a constant, which gives rise to a zero-ranged operator-operators of this type were dropped in Eq. (46) anyway.
To the magnetic moment operators of Eqs. (4.4) and (4.6), one has to add the term of one-pion range originating from the current j We find it convenient to formulate the NN scattering-and bound-state problems in momentum space [26] . In the case of scattering, we solve for the K-matrix
where µ N is the reduced mass, P denotes a principal-value integration, and the momentum-
of the potential are defined as in Eqs. (3.3) and (3.4) of Ref. [17] , but for the factor of 2π in front of the integration over z =p ′ ·p being replaced here by 1/(8π), and the inclusion, in the present case, of an additional phase factor i L−L ′ , which, for coupled channels, leads to mixing angles with signs conforming to the customary choice made in phase-shift analyses.
The integral equations above are discretized, and the resulting systems of linear equations are then solved by direct numerical inversion. The principal-value integration is removed by a standard subtraction technique [27] . Once the K-matrices in the various channels have been determined, the corresponding (on-shell) S-matrices are obtained from
2) from which phase shifts and, for coupled channels, mixing angles are easily determined [17] . The bound state (with JT S = 101 and L, L ′ = 0, 2) is obtained from solutions of the homogeneous integral equations [26] 
and from these, for later reference, the configuration-space S-and D-wave components follow as
Before turning our attention to a discussion of the phase-shift fits, we note that the potential constructed in Sec. II B needs to be (further) regularized because of its power-law behavior for large values of the momenta k and/or K. This is accomplished by including a high-momentum cutoff, which we take to be of the form 5) so that the matrix elements of the regularized potential entering the K-matrix and boundstate equations are obtained from 6) and v(k, K) is defined as in Eq. (2.21). In the following cutoff parameters Λ in the range 500-700 MeV are considered. The LEC's C S , C T , and C i , i = 1, . . . , 7, are determined by fitting the deuteron binding energy and S-and P-wave np phase shifts up to laboratory kinetic energies of 100 MeV, as obtained in the very recent (2008) analysis of Gross and Stadler [16] . The parameters characterizing the one-and two-pion exchange parts of the potential are listed in Table I , with the nucleon axial coupling constant g A determined from the Golberger-Treiman relation g A = g πN N F π /(2 m N ), where the πNN coupling constant is taken to have the value g 2 πN N /(4π) = 13.63 ± 0.20 [28, 29] . In fact, in the OPE we include the isospin-symmetry breaking induced by the mass difference between charged and neutral pions, since it leads to significant effects in the 1 S 0 scattering length [30] , and therefore the OPE potential reads
where T 12 is the isotensor operator defined as T 12 = 3 τ 1,z τ 2,z − τ 1 · τ 2 , and m 0 and m + are the neutral and charged pions masses. Finally, we note that the pion mass entering in the two-pion-exchange part is taken as m π = (m 0 + 2 m + )/3.
The best-fit values obtained for the LEC's are listed in Table II for Λ=500, 600, and 700 MeV. The fitting strategy becomes obvious once the partial wave expansion of the potential is carried out. In the case of spin-singlet (S = 0) channels, the contact components of the (partial-wave expanded) potential with JT and S = 0 read:
where z =p ′ ·p, P J (z) is a Legendre polynomial, and the D i denote linear combinations of the LEC's with situation is slightly more complicated. For uncoupled channels with J > 0, we write 9) while for the 3 P 0 channel (having JT S = 011)
Here, the D i 's denote the following LEC combinations:
, and D 9 = C 5 . In terms of these, the contact components for coupled channels are given by
where L = ± is a shorthand for L = J ± 1, and the off-diagonal matrix element with −+ is obtained from v Results for the S-and P-wave phases used in the fits, as well as for the D-wave and peripheral F-and G-wave phases, and mixing angles ǫ J=1,...,4 are displayed in Figs. 7-12 up to 200 MeV lab kinetic energies. Effective range expansions and deuteron properties are listed in Table III . For reference, in Figs. 9-12 , following the original work by Kaiser et al. [31] , the phases obtained by including only the one-and two-pion-exchange (v π and v 2π , respectively) terms of the potential are also shown. These have been calculated in first order perturbation theory on the T -matrix, and hence are cutoff independent.
Overall, the quality of the fits at N 2 LO is comparable to that reported in Refs. [17, 37] and, more recently, in Ref. [38] . While the cutoff dependence is relatively weak for the S-wave phases beyond lab energies of 100 MeV, it becomes significant for higher partial wave phases and for the mixing angles. In particular, the F-and G-wave phases, while small because of the centrifugal barrier, nevertheless display a pronounced sensitivity to short-range physics, although there are indications [39] that inclusion of explicit ∆-isobar degrees of freedom might reduce this sensitivity. Beyond 100 MeV, the agreement between the calculated and experimental phases is generally poor, and indeed in the 3 D 3 and 3 F 4 channels they have opposite sign. The scattering lengths are well reproduced by the fits (within ∼ 1% of the data, see Table III) , however, the singlet and triplet effective ranges are both significantly underpredicted, by ∼ 10% and ∼ 5% respectively.
The deuteron S-and D-wave radial wave functions are shown in Fig. 13 along with those calculated with the Argonne v 18 (AV18) potential [30] . The D wave is particularly sensitive to variations in the cutoff: it is pushed in as Λ is increased from 500 to 700 MeV, but remains considerably smaller than that of the AV18 up to internucleon distances of ∼ 1.5 fm, perhaps not surprisingly, since this realistic potential has a strong tensor component at short range. The static properties, i.e. D-to S-state ratio, mean-square-root matter radius, and magnetic moment-the binding energy is fitted-are close to the experimental values, and their variation with Λ is quite modest. The quadrupole moment is underpredicted by ∼ 4%, a pathology common, to the best of our knowledge, to all realistic potentials (including the AV18).
VI. N 3 LO MAGNETIC MOMENT FROM CONTACT CURRENTS
The magnetic moment due to the contact currents originating from minimal couplings (Sec. III A) can also be separated into a Sachs term and one independent of the centerof-mass position R of the two nucleons. To this end, we first note that, because of the gradients acting on the nucleon fields, the NN contact potential contains, in addition to the contribution v CT2 (k, K) in Eq. (2.4), also a contribution dependent on the pair momentum
where the C * i 's consist of the following LEC combinations Incidentally, we observe that Eqs. (2.5) and (6.2) provide a one-to-one correspondence between the LEC's and the coefficients of the NN contact potential.
The (conserved) current j
CTγ in Eq. (3.11) gives rise to a Sachs magnetic moment
where the only term in v CT2 P with a non-vanishing commutator with the relative position r is that proportional to C * 2 . Equation (6.3) can be easily verified by considering (R/2) × j
The M1 operator above depends on the unknown C * i , which could be determined, for example, by fitting A=3 bound and scattering state properties, or M1 transitions in light nuclei with A > 2 [40] . Instead, here we will require that they vanish, i.e. that the contact potential is independent of the nucleon pair momentum. To the best of our knowledge, this approximation has been adopted, albeit implicitly, in all studies of A > 2 nuclei based on χEFT potentials. In this respect, we observe that relativistic boost corrections [41] to the rest-frame v CT2 (k, K), being proportional to ∼ v CT2 (P 2 /m 2 N ), are suppressed by two additional powers of the low momentum scale Q relative to both v CT2 (k, K) and v CT2 P (k, K). These corrections arise from the relativistic energy-momentum relation, Lorentz contraction, and Thomas precession of the spins, and are of a different nature than the P-dependent terms in v CT2 P (k, K), which result from the derivative couplings in the four-nucleon contact Hamiltonians.
Under the assumption above (C * i = 0) and after evaluating the commutator [r , v CT2 ], we find the Sachs magnetic moment to be given in momentum space by
It is determined by C 2 , C 4 , C 5 , and C 7 , i.e. by the LEC's of the momentum-dependent terms in v CT2 which do not commute with the charge operator. In configuration space, K reduces to the relative momentum operator, and the pair correlation function δ(r) is smeared over a length scale 1/Λ (Λ is the high-momentum cutoff introduced in Sec. V).
The R-independent contribution due to minimal couplings follows from the second term in Eq. (4.3),
where we have used the relation C Fig. 9 , but for G-wave phase shifts.
therefore unconstrained by the continuity equation), is given by
Hence, the M1 operator due to minimal and non-minimal couplings is determined by two independent LEC's, one of which multiplies an isoscalar structure, while the other multiplies an isovector structure. The former (latter) could be determined by reproducing the deuteron magnetic moment (the cross section for np radiative capture or the isovector combination of the trinucleon magnetic moment).
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Conversations at various stages of the present work with J.L. Goity are gratefully acknowledged, as is a useful comment by J.D. Walecka in reference to the N 3 LO magnetic moment operator. We wish to thank F. Gross External currents enter into the chiral Lagrangian either by the gauging of spacetime derivatives (minimal coupling), or through their field strengths F µν , which transform covariantly under chiral symmetry. In the case of the electromagnetic current, we have both isoscalar and isovector components. In the non-relativistic limit the allowed spin-space structures, at leading order, are
which, by time-reversal symmetry, can only be associated with the flavor structures 1 ⊗ 1, τ a ⊗ τ a and (τ z ⊗ 1 ± 1 ⊗ τ z ), and
which can only be associated with the antisymmetric flavor structure ǫ zab τ a ⊗ τ b . Using the Fierz-type identities for the Pauli matrices, (τ 1 × τ 2 ) z q 2 (q 1 · q 2 ) + 2 τ 2,z q 1 · q 2 (σ 1 × q 2 ) + 2 τ 1,z q 2 σ 2 · (q 1 × q 2 ) + 1 ⇀ ↽ 2 ,
type e) = 2 i e g where the labeling of the momenta is as in panel a), and E p and E ′ p are the energies of the intermediate nucleons. The expression in square brackets above can be expanded as
where use has been made of (overall) energy conservation, E i = E The second term above in the static limit reduces to N/(ω 1 ω 2 2 ), which exactly cancels the contribution of diagrams c)+d). These exact cancellations persist also in the k)-l) as well as u)-v) type diagrams of Figs. 4 and 5, so that in computing their contributions we only take into account the subset of (twenty, see below) time-ordered diagrams of topology as shown in those figures.
For the type j) contribution we find that the cancellation between irreducible and recoilcorrected reducible diagrams is only partial, and the result given in Eq. (3.36) corresponds to taking into account only the irreducible diagrams illustrated in Fig. 15 (the same subset considered in the evaluation of type u)-v) above). However, the remaining irreducible and recoil-corrected reducible diagrams produce an additional contribution of the form
FIG. 15: Subset of time-ordered diagrams for the contribution illustrated by the single diagram j) in Fig. 4 . See text for discussion. Notation as in Fig. 2 .
where the kernels N ij and N i are
which, however, does not lead to a Hermitian current density, since this would require j(k 1 , k 2 ) = j † (−k 1 , −k 2 ). We have ignored this contribution.
